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HICHMER LEEUE Y32 ItHAE a2 &y ma~NL, RICEASR
BOYIIED Wi ST LA E 3. REDOHMITE L TRHEAZRC A
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@ (PLIX) B3RO R HOEL TALRE BTH %0
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#Emla (PLX) 134 » b % /BRI AR THIEE 5 DIgs: ek
MDEDRDBRE T 5o

2 Conical bending [ & 3FREUFA #F Al 2 DHDO—BI ¥R
T, EEES 283 D5 74 ORI Y R PICE~H E X HEIESL
FATZDHDE LTI LTI —g T U CIT B L~ 7254 U724 H ©
Hbo X 9 HDRREBHTE 2. DI L E2HEHRITAEL
72BEERIT CHT IR L I ERR DR D Th b0 17 EDTE BBORTATH IR
W HLUTEZELZ2EHD 3 KHHLID 7TH 4 RDJD 5 [,

DYME B33 1 [l 072, B CHEL AR L 72378 2 it ISHT 34
DMERMIMIDE AL D LITH 5, BEHRO G 3 ARdh 3 D DITs:

SHHIT L $MIE AL %I b 72 2650013 120° i Ak d £ ¢ kig 90°
DI AEDI DD H LR NTe, X4 RDY; Al 100° Bl 3E fed £ <
AT 75 DIDYELHD72,

3. Cylindrical bending (2 & 2B #7H (PLX) 132 0—B1Th
3o ENEBTIBRLOE Y »— 7 — 2 Cihrhicd e Bic <
WBRITX XL TR S, M2 OB e — 5 —ITESDEE H b THRD—E
WA RED B conical bending 124K 3 & U2 3 3D RS N7,

4. Plate @ one directional tension % |3 compression [k 3%IH
(EHZEDRIE-3) B, ZIE%dklc compression (TR A0 TH 5o T
L Ok m~72) Xy -, v RANKRLEEZEEZ 3Pz 2o
BB IR T, ZDRMNICRILYE b, £ DI TR I 340
BRI R YR b 53 oo X—Hos9 7 4 v DRl ¥ HELzY
—ENC R LB L7218, KEIDH 24K 2 MDD H 112 EP bABDIR
WEMIZ B ORI LA Th 5o IEREFIZIPH DR it x £E
CZDTH EDRITH & THE XA U7, #IH ITEHATIEZRRS 6 v,
FEMNT & 2 BEDBENI AT D MNXTE E R % 2 LIBDMIE CTdh 5,

5. Simple shear [C& ZEIB X5 1 (EIXE RIES) 2w 28
RERUR HEITHY 1B BIFS & BTl = = BUC T RS L7eo 2o klcds
WO RICTIR ) F—EOEI IR ) BREAIEIFIR
DFITHEE L72, WE (1) RITBREIE #RT o (2) B3R FIDOHET
WARRZE CHLEMMY oy B ENCHE b REBITH LM L IR fil~ 72,
BT A DSIT tension erack (fMHIEILTEED 7 7 A MO L, e
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WCHUE 40°) ¥ 2E U7, M DAL H o> tension crack D & in—
FUTHIEE S dDOBBELR, (3) LIRS 2 EHTE L fi~7e
PAW TIT RIS PR L 720 SIBEEH EIZER L. X (B) (C) 12
#i72 tension crack ¥/ D720 (4) 1FTHD M T & KD D Fric s~ DIETiC
By LTI 2 TR Y I~ 723 AT CRETHUIRIE L 72 o Z0RmEE 2GR
BERE L. BRIt L BE L, 1 (D) (E) Ig tension crack % ik
L. R (X) (Y) (Z) 1z compression crack & L 33 D3 S N7,

B 2. (E3E) 1 oPAD I T xr =~ (E3H 1540
WA A~— M DK% B EE LI NI T B Y I~ I TR iR 41T h T
fil~72o BEHMTILRE L TR Y 72, dhd i e i b N L T8
AR b BEOWIREZ 5 WEE AT AR, (2) 134y 1 HifFL72
PAR T 2B 2P a b, FIHZAEZ2EIDHE b T slip line (T
U slip crack ¥EU7R, MIZHBEED 3 DY HA~72, 2OIGTDONA
IR IR IR ED A 3 WD T 318 50 2 DHADL WAL
TP L7212 B33 &4° tension crack & 70 b THIIN25 T L 3HEET -
NAMTH B, BB b 72 3B OE 34 R 2735 1-15
¥Eo 2RHE B DIRFIL 1-5-2:0 JEThH D72,

O 3 (g <) 2 &I TR B MDA L7eo
Z AU TR — D TR b 72 B 3 DITKE Y i TIRE I B
72(2) 137 e I~ 7235412 TR 2 THIAIT KR 5 tension crark
BIBMEHEAT Ly I8IEH A I T 5 Mg DB IR T R T o

Tes 4 (B Q) B3 20 LMY AmIREEL . Y
PR TIRE R LELEZ LS T2 ERES, T334 05
Koo (1) 3ILFEHEFRT (2) Hxhm~<T. PRHIC tension crack DIt
11558120 compression T ¥ 2 05T DM KE A7 U CREGEAZSU
N72y (8) I1ZZE T3 tension crack, compression crack JZikA3 R JEE L
CEEL R,

TS (EI3E) 4 tRUELRBOESY 2-3 HEAL—K
FRREB L2, Blo (1) +4iReS squcmfiv U7, (2) (A)
(B) () (D) it tension crack ¥ £k, HELHDOHZIL & [A— sense
Zh 33D PIEEE L7, ) BEod HIXHEITKE L& compression
Tk 5 DRI T AL 2 DIIHE KA U7eo () 1 (3) Dbkt
R B IR D = 2 Wi Je = 2 DR DB 7R T o
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e 6. (R <) 1) OO) WAL 28 032 MY ik
T Z DRI A BB Y S RWR U T L2, —KENITKE
LB 4 BT 6 LTI T 48 Y-S5 15 T3,
(1) BHEOBEEIR T BEOR APFRBRAYZ BV, (2) WK
H1T35 L tension crack DREATEII N MM dMEREE b, (B) &
BER AR I ITHI R T K 5 5% compression crack ZENUIUHEL o
(4) B) ¥ WML THYH~NRBY (3) LFREREL L,

BT GEkE PLXL) gEBkEREBoOEAY (HAe2 4:6) ¥
T2 = THCTEX MR b SFEDOFIIEI € = 2 R 2300 TR 5\ TREE
W8 b NIRRT I 1 0 MR ITHBEILR L7y ikic 156 4 Rifr
TITHBIRE THHDZAT 3 TR A TERNICIANEICTERITM L
720 FERIH 05-02 FETh 5, FMD (1) RZRBORLELRT, 4D
WURITPFIRE AR IZETH S,

DT RAD T HITHARIT A e IN~RGAEDBIL Y RT, (2) 2%
-0 tension crack A URIMAMATEE T, R CHITIN A off
D_IBITIE EME D EIFD tension erack ¥ A3, (3) PEDIEESHL
g # CRSHEZ  compression crack FEHXLCH D, TZL
tension crack *UEEZR % 7§, (4) compression D HIFICH L XL 5,

TS (BE ) HH 7 X 0 BAE I0REHAIR L THE SR,
B ERRLRT vz —rie T, = 2B RIE L= MEAR
BARMMPSEE SIS LE FRICTCRTmEYHYS L, FEI3H 06
FTh D0 (L) WL, (2) Bz # % LT3 PFi721T tension crack ¥
A3 (3) R TBOHPDIA ST compression crack P A, (4)
compression crack :H;,? LT

B 9. (B3 ) KA B~ v X HRBIEIC = 2 BRI b Sk
ICERERIEM L RIS CIIR72 3 ¥ W LEL IR TREX FHIRBL, END
SO R 3 PN CHzl L7e, (1) B A3, (2) BHET o = 2 IR
5D THHBIHERIED Y DTH S, (3) tension crack FHL { KD
ST AR H R ARG D72, (4) #TIE 2B HRE X b tension [T X
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4. On Crack Systems especially those of Echélon Formation.

By Sakuhei FUJTWHARA and Takeo TAKAYAMA,

Earthquake Research Institute.

There are crack systems appearing on plates. They are:—

(1) Parallel cracks with nearly equal intervals or the multiplis or
regular fractions. Such cracks are produced by the homogeneous cylin-
drical bending of a homogeneous plate. When homogeneity either of
stress or of material is missed, so far the deviation from the law of equal
intervals arises.

(2) Radial cracks with nearly equal angular intervals are produced
by the homogeneous conical bending of a homogeneous plate. The law
on the equality of the angular intervals is nearly the same as in the case
(1). . _

(3) Concentric cireular cracks are produced by the conical or dome-
like bending of a plate.

(4) Regular poligonal cracks are produced by the homogeneous
isotropic contraction of area of a homegeneous plate, when supported at
the basal plain surface of the plate. The elementally poligon can be
square rectangle, pentagon, hexagon etc. or their mixtures according to
the condition at the base or at the boundary.

(6) Cracks in echélon formation are produced when a shearing stress
is applied on a plate. Heterogeneity of stress and of material is favourable
to the production of echélons.

Several experiments are made for all the above systems of cracks.
Those of (1) to (4) are too simple and need not to give any further
explanation in detail.

5) Lectures were given on these before the meeting of the Earth-
quake Research Institute, Tokyo, but the labour of printing them in
foreign language is saved. See text in Japanese, also see “ On the mie-
chanism of great Kwantd earthquake ete,” Journ. Met. Soc., Jap., 1924 Jan.
Also see Leith, “Stractural Geology. Joints in Relation to Causal Stre:ses.”
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The crack system of echélon formation is most commonly appears in
the natural phenomena such as the faults or cracks in the case of a de-
structive earthquake. Never the lessits mechanism of formation is rather
obscure. In the present note the method and the results of experiments
on the echélon crack formation and allied phenomena are given.

The apparatus used for the experiments is shownin Fig.15. T is the
test piece which is of dimension 6:0, 39, 0-6 cm?® and made of wheat powder
compressed under pressure of 80 kg per 1 c¢m? of the surface. The test
piece is compressed on from its side obliquely as is shown in Fig. 15 and
also in Fig. 16 in which 3 modes of experiments with 3 or 4 varieties each
are also shown. Thick arrows show the directions of the pressure which
is applied partially on the side of the test piece along the shaded parts
which imply the brass pieces in contact with and pushing the test piece.
The relative position of the ends A, B of the two opposite brass pieces is
important to give characteristic forms to the crack of the wheat plate.
The cracks thus produced are classified into 10 groups, which are shown
in Plats XVII and XVII1 and also diagrammatically in Fig. 17. The
number of experiments of each variety and the frequency of the appeared
cracks are shown in the next table. '

Experiment (1) (11) : “ (111)

Inclination of pressure | i
direction from the edge of ' 30° 45° “ 60°
the test piece :

Var'ety 1] 2

=
—
o
W
S : -
o
=¥
e

Distance incm. of the ends| ;= | o.al pai 221 1. el a7l el 9ol o
AB of the brass pieces 143 0-4] 36} 1.9 08;41 35| 23] 04

Number of experiments 24|13 2014 (16| 8/16 15|13} 4

Frequency of the appear-

ance of each crack
a 1712020 712 8 91312 4
b | 8| 9|20 8|15 8 sl 2| 4
c | 5] 4120 7 71 8113|1311 | 4
d 21 7120, 2|10 8 6| 4
e 6 9| 2 t12] 9] 2
f S 9 1 | 13 9 1
¢ o 2 1
h 1 2 4] 5| 2
i 1 41 3| 3

In order to know the stress distribution, a plate of india rubber
nearly of the same size with the wheat plate was compressed under the
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same condition with the same apparatus. Square net had been drawn
on the surface of the plate previous to the experiment and the defor-
mation of the net was photographed at 3 stages in the course of the
compression as shown in Plate XVIII, Fig. 24. The component displa-
cements u, v of every point of the net were read off and from which the
divergence A, simple shear S, rotation R etc. were reckoned.

ou + v ou + v 9R = Ou v
o 9y’ oy = o’ T oy o

1= A+N 28T (@ —b2)%,  ya = A—~ (28)2+ (a1 —b2)?,

2y — 201 —
tanf = +S}'1_’ tanfs = LT,YZ, A=y1—Y,
where 0 &l
. B a = ?l) and by = v
oz oy

The principal strains y; and s, their direction § and the strain
difference or the total shear A were calculated for every point of the net.
These values were entered in charts and isopleths of y;, ¥z, and A are
drawn together with the direction 6. They are shown for selected cases
in Fig. 18,19, 20 and 21. The cracks actually produced are also entered
additionally in the chart.

by examining these charts we can easily see that the cracks a and b
are products due to shearing stress at the ends A and B of the metal
pieces. c¢are the tension cracks due to the lateral elongation. d is the
shear crack along the line connecting the two end points A and B, e and
fare products due to the compression against which the breaking limit
of shearing stress is first reached along the lateral oblique surface inclined
to the vertical with an angle of 45° or about. g is the same as e and {
but appeared in the central part instead of at the bordering parts. h
and i are secondary cracks of the main crack ¢ making angles of 45° or
about with this, having the surface of fracture in vertical planes. They
are also the shear products due to the compression and favourably appear
in the bordering parts.

Echélon formation is seen mostly in cracks d, a and b, sometimes
with h and i and obviously related with shearing stress which acts
in the plane in which the cracks appear. It does not occurin e and f
though they are of shear products, because the plane in which e and f
appear is the plane of compression for e and f but is not that of shear.
Hence we can sometimes see the echélon on the vertical section of the.
test piece perpendicular to e and f, along which shearing stress is acting.
We can see the zone of maximum shear and maximumn elongation just in
the position of d crack in Fig. 18,19 and 20. But the direction of the
each small crack which composes the crack d in echélon formation coin-
sides well with the direction of principal strain at that part. This shows
that the elementary crack of echélon in this case is evidently the tension
crack opening normal to the principal tensile stress at that part, or the
same thing, along the principal compression.
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[S. Fusrwiara and T. Tarayaa.] [Bull. Earthq. Res. Inst., Vol. IX, PL IX.]

o Mo WML TAUEEA
Fig. 2. Cracks due to surface contraction. Radial eracks produced
first. Transverse one then developed perpendicular to the former.
-
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Fig. 3. Cracks due to the heterogeneous contraction of the material.
W hite lines the seat of heterogeneity; dark lines on or crossing them
are cracks.
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iy A 15 ’ s Fig. 5. Cracks due to conical bend-
Fig. 4. TFolds on the skin due to the in;: produced on paraffin plate by
contraction of the internal material. the imyact of a pointed metal.
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Fig. 6. Parallel cracks due to cylindrical bending of a rough surface.
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Fig. 7. Cracks and creases in echélon produced by shearing process. [/ tensoin
cracks; |\ creases and eracks by compression. Tension eracks appear always first
gee 2, then compression creases see, 3, then compression cracks see 4. 5 is the same
as 4 but seen obliquely in order to show elevation along creases.
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2, After rotation.
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Fig. 9. Folds and cracks due to shear along an are. Folds can be thus

produced without any sensible alteration of the surface area. Cracks are
perpendicular to the creases.
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[S. Fusrwnara and T. TakavyaMa.] [ Bull. Earthq. Res. Inst., Vol. 1X, Pl XTIIL.]
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Fig. 10. Tension cracks in echélon and a genuine shear crack produced on
a parafline plate by simple shear along a circular arc.
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[S. Fusrwiara and T, TagavaMa.] [ Bull. Earthq. Res. Inst., Vol. IX, Pl
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1. Before the experiment.

2. After the experiment.
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Fig. 14. Marginal arcuate cracks b, ¢, ¢’ produced on parafline plate by diagonal
compression along AE, the joints at A, C, ¥ and G being iree.
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[S. FustwHARrA and T. Taxayana.] [Bull. Earthq. Res. Inst., Vol. IX, Pl. XVIL]
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Fig. 18, Curves of equal stresses and produced cracks of the experiment (1), 2),
Straight lines show the direction of the principal stress.
Curves in full line show the equal total shear.
Curves in broken line show the equal principal compressive stress.
Curves in dot  show the equal principal tensile stress.
Tines in red are the cracks produced. Full and Shade indicate the results of two different
experiments belonging to the same class and same variety.
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[Bull. Earthq. Res. Inst., Vol. IX, Pl. XVIIL]
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Fig. 19. Curves of equal stresses and produced cracks of the experiment (11).1).
Straight lines show the direction of the principal stress.
Curves in full line show the equal total shear.
Curves in broken line show the equal principal compressive stress.
Curves in dot - show the equal principal tensile stress.
Lines in red are the cracks produced. Full and Shade indicate the resnlts of two different
experiments belonging to the same class and same variety.




[S. Fusrwaara and T, TARAYAMA.] [Bull. Earthg. Res. Inst., Vol. IX, Pl. XIX.]
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I Fig. 20, Curves of equal stresses and produced eracks of the experiment (11). 2).

;l; Straight lines show the direction of the principal stress. :

Curves in foll line show the equal total shear.

Curves in broken line show the equal principal compressive stress.

Curves in dot show the equal principal tensile stress.

Lines in red are the cracks produced. Full and Shade indicate the results of two different
experiments belonging to the same class and same variety.



[S. FrarwaArA and T. Tarkavaya.] [Bull. Earthq. Res. Inst., Vol. IX, P1. XX.]
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Fig. 21. Curves of equal stresses and produced cracks of the experiment (111). 3).
Straight lines show the direction of the principal stress.
Curves in full line show the equal total shear.
Curves in broken line show the equal principal compressive stress.
Curves in dot: show the equal principal tensile stress.
Lines in red are the cracks produced. Full and Shade indicate the results of two different
experiments belonging to the same class and same variety.
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Fig. 23 a. Cracks produced.



[S. Funiwaara and T, Taravana.] [Bull. Earthq. Res. Inst, Vol. IX, Pl. XXII.]
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Fig. 23 b, Cracks produced.
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Fig. 24. Strain experiment.
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Thus an interesting fact is found that the fracture must proceed
along the zone of maximuu stress, but individual fissures take place in
the direction of the principal stresces at individual points in the zone.
Thus the actual fracture thus caused inevitably becomes an echélon formation
along the zone of the mazimum stress with elementary cracks in the direction of
the principal stress.

The sense of echélon was defined as positive when elementary cracks
deviate to the left of the direction of the zone of fracture and negative
when deviate to the right. The sense of echélon, therefore, depends on
the relation between the directions of the line or zone or perhaps better
word, ridge of maximum stress and of the principal stress.  Suppose that
the directions of the principal stress are nearly parallel for all points in
the area concerned as shown in Fig. 22 in which the compression and ten-
sion are shown by arrows. Suppose that the maximun zone of str. ss runs
in any direction between OX and OY say OA. The sense of shear along
OA is positive. 1f the elementary eracks are tension cracks then they are
nearly parallel to OY and hence the positive echélon of tension cracks
must be formed along OA along which the sense of shear is positive i.e. the
rotation is anticlockwise. The compression cracks are always normal to
the tension cracks. They are parallel to OX in Fig. 22. Hence a negative
echélon of the compression cracks must be formed accompanied by a
positive shear along the main line of fissure. 1f, however, the line of the
maximum stress runs along any direction between OY and O (—X) say
OB then the sense of shear along the line is negative. And just as
proved above, it can be easily shown that the negative echélon of tension
cracks and the positive echélon of compression cracks are inevitably
accompanied by the negative shear along the line of fracture. Thus the
law on the sense of echélon formation formerly raised® is now affirmed.

When the break occurs parrallel to OY or OX then no echélon occurs
but a continuous crack or parallel irregular cracks. Which of tension or
compression cracks will appear in an actual case depends only on the
properiy of the material concerned. When the material is weaker against
the tesile stress than against the compressive or shearing stress then the
tension cracks are prodused. \When, however, the material is weaker
against the shearing stress than against the tensile stress then the compres-
sion echélon is favourably formed, because in nearly all mastarials shearing
fracture is produced by the compression.  In some cases both the tension
and compression cracks can be produced simultaneously. In such cases
they form a zig-zag crack along the zone of the maximum stress. A
tension crack has naturally opening while a compression crack is closed
and shows evidence of slip such as dislocation of the two sides of the
crack. Hence by a close examination of the crack, we can determine the
sense of stress applied on the material as already pointed cut by the
present authors from the practical point of view.

6) S. Fajiwhara, Gerlands Beitr., 16 (1927), 1-14.
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